Experiments were conducted to evaluate the grain refinement in Zn-22Al alloys subjected to equal-channel-angular extrusion (ECAE) under three different conditions. In the first condition (Route 1), ECAE was performed during the phase transformation at room temperature. In the second condition (Route 2), ECAE was carried out after the phase transformation at room temperature. In the third condition (Route 3), ECAE was performed after the phase transformation at 373 K. The average grain sizes after ECAE exhibited 0.35, 0.3 and 0.6 mm for Route 1, 2 and 3, respectively. Route 1 was efficient to develop the material with a finer microstructure, and reduce the processing time. It was also verified that reasonably equiaxed and homogeneously distributed grains were obtained by ECAE after solution treatment without rolling process.
Introduction
Superplasticity refers to the ability of a material to exhibit very high tensile elongation. 1) It has been known well that superplastic deformation requires a fine grain size, typically below 10 mm, and reasonably high testing temperature, at least 0.5 T m , where T m is the absolute melting temperature of the material. 2) There has been considerable interest in developing materials with ultrafine grain sizes, since experimental evidences suggest that a reduction in grain size would increase the strain rate and/or decrease the temperature for optimum superplastic flow. 3) Achieving superplasticity at high strain rates would lead to the reduction of the forming time for the superplastic forming, which is a viable technique to fabricate hard-to-form materials into complex shapes. 4) It has been also reported that the ultrafinegrained Zn-Al alloy, which exhibits high strain rate superplasticity at room temperature, was applied as the seismic damper for high-rise buildings. [5] [6] [7] [8] Recently, equal-channel-angular extrusion (ECAE) has been noted as a processing method to produce bulk ultrafinegrained materials. 9, 10) In ECAE process, a bulk sample is pressed through a die, and therefore a strain is induced without any change in the cross-sectional dimensions of the work-piece. It has been demonstrated that aluminum and magnesium alloys subjected to ECAE had a structure with sub-micron grain size, and exhibited high-strain-rate superplasticity or low-temperature superplasticity. [11] [12] [13] [14] [15] However, there were only a few reports about the microstructures and mechanical properties improved by ECAE in Zn-Al alloy. [16] [17] [18] Table 1 summarizes the ECAE conditions and grain sizes obtained from the previous reports. Only the grain refining of 0:6{1 mm was achieved in these investigations, since the operating temperature was 373 K and an initial grain size before ECAE was more than about 1.0 mm. In addition, the grains were elongated and there was a coexistence of areas with relatively fine grains and areas with coarser grains, since it is attributed to the fact that the samples were rolled before performing ECAE.
Mabuchi et al. has reported that the grain sizes of the Mg alloys after ECAE tend to reduce with a reduction of operating temperature. 19) Therefore, it is anticipated that the reduction of extrusion temperature will achieve a finer microstructure. It is also important to refine the initial microstructure before ECAE. Kato et al. has reported that a fine microstructure (0.5 mm) with equaixed Zn-rich and Alrich duplex-phases has been obtained only by water quench from the eutectoid temperature. 20) Therefore, it is considered that ECAE after water quench from the eutectoid temperature is effective in refining the microstructure. In addition, as shown in the isothermal-transformation curve ( Fig. 1 ) depicted by Kato et al., it is apparent that the phase transition occurs from 5 seconds to 20 minutes at room temperature after quenching. Then, we compared the microstructure formed by ECAE during the phase transformation with that formed by ECAE after the phase transformation in the present investigation. 
Experimental Procedures
The material used in the present investigation was Zn-22 mass%Al alloy produced by Kobe Steel Ltd. The alloy was machined into rod with a diameter of 19.5 mm and a length of 90 mm, and solution-treated in air at 623 K for a day.
ECAE was conducted by the die with a 90 angled channel through the die using, so-called, processing route B c , in which the specimen was removed from the die and then rotated by þ90 in the same direction between each pass. 21, 22) ECAE in the present investigation was performed under the conditions, as shown in Table 2 . The working processes are also depicted in Fig. 1 , in which the lines schematically indicate the variation in temperature as a function of time for ECAE processes. The jags in the lines show the application of ECAE. All of the ECAE were conducted using a hydraulic press operating at 0.2 mm/s for the first passage and 1 mm/s after the second passage. The processes in the earlier reports approximately correspond with Route 3.
The microstructures were observed using transmission electron microscopy. After small disks with a diameter of 3 mm were punched out, the samples were polished to a thickness of 150{200 mm. A twin-jet electro-polishing unit was then used with a solution of 10% HClO 4 , 20% C 3 H 8 O 3 and 70% C 2 H 5 OH. The samples were thinned at 263 K until perforation. 17) All of the microstructural observations were conducted using a JEOL JEM-200CX transmission electron microscope operated at 200 kV and selected area electron diffraction (SAED) patterns were also recorded. Table 2 ). All of the SAED patterns show well-defined ring patterns indicative of the presence of boundaries having high angles of misorientation. It is noted that a very fine grain structure including high angle grain boundaries is obtained in the present investigation as compared to the previous reports. Figures 2(a) and (b) exhibited almost the same microstructures, while the pass numbers in Route 1 are less than those in Route 2 as shown in Table 2 . Lee et al. investigated about high-strain-rate superplasticity in Zn-22Al alloy subjected to ECAE through 4, 8 or 12 passages. They have reported that a reduction in grain size and a higher superplastic elongation was achieved with increasing of pass number. In other word, it indicates that the grain size continues to refine until at least 12 passages at 373 K. Therefore, this result suggests that ECAE during the phase transformation is efficient to develop the material with a finer microstructure, and to decrease processing time.
Results and Discussion
In addition, the grain size distribution charts corresponding to the microstructures in each process are depicted in Figs. 3(a)-(d). Figure 3(d) is estimated from the result of earlier report, 17) in which the ECAE condition is shown in Table 1 . The distribution charts of Route 1 and 2 show that almost grain sizes are distributed within the narrow range of 0.2-0.4 mm. On the other hand, the grain size distribution chart in Route 3 exhibits a coarse grain microstructure and a widely scattered grain size distribution ranging from 0.3 to 0.9 mm. The similar trend was also observed in the result estimated from the earlier report, as shown in Fig. 3(d) . Therefore, it is found that ECAE at room temperature is effective in achieving the finer and more homogeneous microstructure.
The statistical distributions of the ratio of the major axis length to minor axis one in a grain are shown in Fig. 4 . In this figure, the grain is equiaxed when the ratio d major =d minor is approaching to the value of one. The ratios observed in the present investigation are distributed within the range from 1 to 1.4, i.e., the grain configurations obtained in this study are reasonably equiaxed. In the earlier report, however, the elongate grains were observed, and the high relative frequency more than 5% is observed even at the ratio of 2 as shown in Fig. 4 . This result would be attributable to a rolling process before performing ECAE. Therefore, ECAE Fig. 4 The statistical distributions of the distance ratio on the major and minor axes in a grain. after a homogenized treatment was appreciably effective in order to develop a material with equiaxed grains.
Summary
The results obtained in the present study on Zn-22Al alloy subjected to ECAE under the three different processes, are in the following:
(1) The finer microstructure with the average grain size of 0.3 mm was attained by ECAE at room temperature. (2) ECAE during phase transformation results in the reduction of the process time and the sufficient fine microstructure. (3) ECAE after a solution treatment without rolling process results in reasonably equiaxed and homogeneous microstructure.
